Static compressive stress can influence the matrix, which subsequently affects cell behaviour and the cell's ability to further transform the matrix. This study aimed to assess response to static compressive stress at different stages of osteoblast differentiation and assess the cell cytoskeleton's role as a conduit of matrix-derived stimuli. Mouse bone marrow mesenchymal stem cells (MSCs) (D1 ORL UVA), osteoblastic cells (MC3T3-E1) and postosteoblast/pre-osteocyte-like cells (MLO-A5) were seeded in hydrated and compressed collagen gels. Contraction was quantified macroscopically, and cell morphology, survival, differentiation and mineralisation assessed using confocal microscopy, alamarBlue ® assay, real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) and histological stains, respectively. Confocal microscopy demonstrated cell shape changes and favourable microfilament organisation with static compressive stress of the collagen matrix; furthermore, cell survival was greater compared to the hydrated gels. The stage of osteoblast differentiation determined the degree of matrix contraction, with MSCs demonstrating the greatest amount. Introduction of microfilament disrupting inhibitors confirmed that prestress and tensegrity forces were under the influence of gel density, and there was increased survival and differentiation of the cells within the compressed collagen compared to the hydrated collagen. There was also relative stiffening and differentiation with time of the compressed cell-seeded collagen, allowing for greater manipulation. In conclusion, the combined collagen chemistry and increased density of the microenvironment can promote upregulation of osteogenic genes and mineralisation; MSCs can facilitate matrix contraction to form an engineered membrane with the potential to serve as a 'pseudo-periosteum' in the regeneration of bone defects.
Introduction
Bone defects are currently managed using autografts or allografts. However, there are associated limitations including the lack of available tissue, donor site morbidity and immunosuppression (Perry, 1999) . Tissue engineered bone substitutes have the potential to overcome many of these disadvantages, and studies undertaken have used different approaches with varying degrees of success (Braddock et al., 2001; Jakob et al., 2012; Rose and Oreffo, 2002) . For example, the challenge of restoring defects using growth factors (e.g. bone morphogenetic proteins) is optimal delivery in vivo (Itoh et al., 2001) and biomaterials used to mimic characteristics of the natural bone extracellular matrix (ECM), such as poly(lactic) and poly(glycolic) acid, lack the necessary mechanical competence (Link et al., 2006) .
Type I collagen has been used widely in bone tissue engineering, because the chemical composition represents the major component of natural bone extracellular matrix (ECM) (Liu et al., 1995) . But, once again, the structure and microenvironment is not always easily represented (Abou Neel et al., 2006; Brown et al., 2005; Cheema et al., 2003; Cheema et al., 2007) , and cells as tensegrity structures are influenced by microenvironmental forces that can lead to positive changes in behaviour. Tensegrity relies upon two components, rigid non-compressible "struts" (the microtubules) and flexible "cables" (actin microfilaments), to which tension can be applied in order to maintain cell shape and tissue structure (Hu et al., 2004; Stamenovic et al., 2002; Stamenovic and Wang, 2000) . In addition, cell contractility is due to molecular motors, which are also needed for adhesion maturation and the maintenance of focal complexes and contacts: specifically, non-muscle myosin II is key to the contractility of non-muscle cells and crucial to mechano-sensing and signal transduction (Cai et al., 2006; Straight et al., 2003) .
Static compressive stress of cell-seeded hyperhydrated type I collagen gels can lead to a change in the microenvironment and structure to produce tissue-like scaffolds with enhanced biomechanical properties (Bitar et al., 2007; Bitar et al., 2008; Brown et al., 2005; Mudera et al., 2007) . In addition to possible changes in cell survival and differentiation, a shift in microfilament and dendrite distribution could lead to a favourable change in the relationship between cell contractility and subsequent contraction of the collagen gel. By increasing the collagen density in this manner and using an appropriate cell density, these scaffolds have the potential to be developed into highly biomimetic cell-seeded membranes leading to successful clinical application . For
A collagen membrane for guided tissue engineering example, such an engineered pseudo-periosteal membrane may be successfully used for the management of bone defects whereby cells required in the regenerative process are contained within the defect site. The overall study hypothesis was that static compressive stress can support the cellular response towards the production of a pseudo-periosteum for future use in the healing of bony defects. This study had three aims: 1. To investigate how change in the physical environment can influence cell response in terms of cell deformation, survival and osteogenic capability. 2. To investigate the response to compression at different stages of osteoblast differentiation (Olson, 2004) . The stage of differentiation may influence the response and thus investigation was considered essential in order to confirm the cell type required to maximise the potential clinical use of this engineered construct. 3. To confirm the role of the cell cytoskeleton as a conduit of matrix-derived stimuli by investigating the effects of disabling active contraction within the cell (Rehfeldt et al., 2007) . The drug blebbistatin was used as a selective non-muscle myosin II inhibitor that blocks motor activity without affecting actin binding. Additionally, Y-27632, a selective inhibitor of Rho-associated protein kinase p160ROCK, was used as another method to disrupt the cytoskeletalbased tensegrity. The protein kinase is implicated in various cellular functions, including actin cytoskeleton organisation, cell adhesion, cell motility, vascular and smooth muscle contraction and cytokinesis (Takahara et al., 2003; Uehata et al., 1997) . 
Materials and Methods

Cell culture
Collagen gel preparation
The preparation of cell-populated dense collagen was carried out as previously described (Brown et al., 2005; Buxton et al., 2008) . The final gels were composed of 10 % 10x MEM, 80 % rat-tail collagen type I (2.10 mg/mL in 0.6 % acetic acid; >98 % purity; First Link, Bockmore, UK) and 10 % cell suspension in DMEM. The mixture of MEM and collagen was neutralised by cautious addition of 5 M NaOH on ice, as determined by a colour change of phenol red (Sigma, Poole, UK). Thereafter, the mixture was mixed gently with the cell suspension to create homogeneity and a pre-compression concentration of 3 x 10 5 cells/mL. The solution was poured into a casting reservoir (2 mL capacity, 13 mm x 43 mm) and allowed to set at room temperature (20 °C) for 30 min. To create a hyper-hydrated collagen gel (HC), the gel was divided into four and incubated in the above-described medium at 37 °C in 5 % CO 2 in air. For production of the dense collagen gel (DC), the set gel was compressed with a one-cycle static stress (0.5 N) for 5 min on a bed of absorbent tissue bounded by nylon mesh. This was then processed in a similar manner to the HC.
Cell survival
To assess cell survival, 10 % v/v of alamarBlue ® (AbD Serotec, Oxford, UK) was added to each culture well and incubated for 4 h at 37 °C. Thereafter, 100 μL of the supernatant was used for measuring fluorescence, equating to cell metabolic activity, at excitation 530 nm and emission 590 nm.
Cell morphology and gel contraction
For analysis of cell morphology, gels were fixed for 10 min in 4 % paraformaldehyde (PFA) and washed in phosphate-buffered saline (PBS) before cell permeation for 15 min in 0.15 % Triton™ X-100 (Sigma, UK). Staining for actin and cell nuclei was undertaken by incubation in 0.15 % Triton X-100 with 0.5 % phalloidin (Invitrogen) and 0.1 % ethidium homodimer (Invitrogen) for 15 min. Following mounting with 0.15 % Triton X-100 under a coverslip, confocal imaging was performed with a Biorad confocal system (Biorad, Watford, UK) linked to a Olympus BX51 microscope and LaserSharp 2000 software (Olympus, Southall, UK). 3-D pictures were reconstructed with ImageJ (NIH). Contraction of the gels was captured utilising a Zeiss stereomicroscope.
Cell differentiation
RNA was extracted from cells within the dense collagen gels using TRIzol ® (Invitrogen) in accordance with the manufacturer's guidelines. For mineralised samples, gels were first frozen in liquid N 2 , crushed in foil using a pestle and mortar, and then processed in TRIzol reagent. cDNA was prepared using a cDNA archive kit (Applied Biosystems, Cheshire, UK), and RT-qPCR was carried out using protocols established for the ABI 7300 RealTime PCR machine (Applied Biosystems). The Taqman ® gene expression primer details were as follows: GAPDH, Mm_99999915-g1; ALP (Murshed et al., 2005) , Mm_00475831-m1; BSP (Franz-Odendaal et al., 2006) , Mm_00492555-m1; Gli1, Mm_00494645-m1. The RTqPCR data obtained were analysed using the Relative Expression Software Tool (REST) (Pfaffl et al., 2002) .
Mineralisation
For assessment of mineralisation, cryosections of unfixed constructs were prepared by embedding the samples in OCT (Raymond Lamb, London, UK), air-dried and stored at -80 °C before further analysis. Alkaline phosphatase
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enzyme activity was assessed in situ using Napthol AS-MX and Fast Red Violet LB (Sigma) on post-fixed sections, followed by von Kossa staining using hydroquinone and fixation in sodium thiosulphate. In addition, some of the sections were stained with van Gieson stain.
Tensile testing
To investigate the change in stiffness of the MC3T3 cellseeded scaffolds with time, tensile testing was undertaken on days 1 and 14. A dynamic mechanical analyser (DMA7e, Perkin-Elmer Instruments, Cambridge, UK) was used to subject the compressed samples to quasi-static uniaxial tension at a rate of 200 mN/min and data were collected using the Pyris software (Perkin-Elmer).
Results
Cell morphology and survival in hydrated and dense collagen gels An obvious, but clear consequence of the gel compression was the increase in relative cell density. The compression also had an effect on cell morphology such that the cells became flattened and changed from a rounded configuration in the hydrated gels to a more ovoid form in the dense gels (Figs. 1A, B) . The cells in the hydrated gels were noted to have numerous long extensions and an absence of organised stress fibres (Figs. 1C, E) . In contrast, within the dense collagen, the cells had shorter projections and numerous actin filaments forming a close network (Figs. 1D, F) , which was comparable to the control. The alamarBlue data at day 7 demonstrated that there was greater metabolic activity, thus implying better cell survival within the dense gels compared to the hydrated gels. There is a suggestion that compression not only leads to a change in cell shape, but also promotes cell survival ( Fig. 2A) . It is clear that the increase in collagen and cell density did not prevent adequate flow-through of nutrients, perhaps due to the thin nature of the compressed collagen. The stage of differentiation of the cell types (D1, MC3T3, MLOA5) used within the collagen gels was confirmed by expression of the ALP, BSP and Gli bone genes (Fig. 2B) . It was apparent that this stage of differentiation also determined the degree of matrix 
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A collagen membrane for guided tissue engineering contraction, such that D1 cells were associated with the greatest amount of contraction (±75 %) followed by MC3T3 cells (±40 %) and MLO-A5 cells (±10 %) (Fig.  2C) . When osteogenic medium was applied to the D1 cells the gene expression and gel contraction was closer to the more mature bone cell types MC3T3 and MLOA5 (Figs. 2B, C). The varying degree of matrix contraction related to the stage of differentiation gives the potential to utilise this property for different tissue engineering applications:
above all, it is clear that the use of MSCs allows for greater manipulation in terms of the overall matrix contraction desired and osteogenic expression. The cells within the gels were incubated in standard growth medium for a period of 7 d, which was then changed to osteogenic medium. After 7 d in growth medium, cells within DC appeared elongated, following the contours of the collagen and extending within the plane of the compression (Fig. 3A) . Incubation in osteogenic Fig. 3 . Dense collagen was used as a delivery vehicle for human MSCs. MSCs were seeded at a pre-compression density of 300,000 cells/mL of neutralised collagen. Gels were then compressed and maintained in vitro for 7 d (A-D) or 14 d (E-H) in growth medium (A, C, E and G) or osteogenic medium (OS) containing ascorbate and β-glycerophosphate and dexamethasone (B, D, F and H). Standard wax sections were prepared and stained with haematoxylin/eosin (H/E) or von Kossa/van Gieson (staining collagen pink and mineral black (VK/VG)). Boxed region highlights mineralised collagen after 7 d in OS (D). After 14 d in OS, mineralisation is widespread; the same region is boxed in F and H with the sparsely populated region now heavily mineralised. Note also the non-mineralised cell layer at the periphery (red arrow, F) (Scale bar: 100 µm).
inhibitor (E-G) or blebbistatin inhibitor (I-K).
There was less stress fibre disruption of cells within the DC. Disruption of the stress fibres blocked gel contraction (D). However, it is also apparent that the dense collagen promoted cell survival despite the stress fibre inhibition, as confirmed with alamarBlue (H and L).
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medium led to the cells remodelling the collagen to form lacunae, which in some cases were occupied by multiple cells (Fig. 3B) . Mineralisation was also evident, which became more pronounced with time ( Fig. 3: 7 (Fig. 4A) . There was also a corresponding increase in expression of the bone-related genes, ALP and BSP (Fig.  4B) . The effect of cytoskeletal (CSK) inhibition was quite profound on the morphology of the control cells, with evidence of complete dissolution of stress fibres when exposed to blebbistatin; the effect was reduced when exposed to the CSK inhibitor, Y-27632 (Fig. 5) . In hydrated collagen the effect was similarly dramatic to the control cells with sparse fibres evident and no obvious dendrites and overall fewer numbers of cells (Figs. 5 A, E and I vs. B, F and J). On the contrary, cells within the dense collagen gels were still associated with the presence of a network of cytoskeletal fibres, although less so when exposed to blebbistatin (Figs. 5 C, G and K).
The CSK disruption led to a reduction in hydrated collagen gel contraction that corresponded to the cell morphology. On day 7, the degree of contraction effected by cells exposed to Y-27632 was approximately 50 % less than the control. Exposure to blebbistatin completed nullified gel contraction with a small degree of expansion probably due to water imbibition (Fig. 5D) . The difference in the effect of the inhibitors on the cells in HC vs. DC implied that there was a degree of protection from the dense collagen. This was confirmed by the alamarBlue data (Figs. 5H, L).
Discussion
A cell-seeded membrane must possess a number of key qualities if it is to succeed in clinical applications (Liu et al., 2011) . It is known that strain stimulates osteoblast function and although this is usually applied as a tensile force, it can also be compressive in nature (Mullender et al., 2004; Sun et al., 2012; Zaman et al., 2000) . It was therefore considered that the application of compressive force during the fabrication of cell-seeded collagen gels may promote differentiation through the compression of the cytoskeleton. It has been previously demonstrated that dense compressed collagen has profound effects on osteogenic cells; however, the underlying mechanism was not understood (Buxton et al., 2008) . If such a construct is to be successfully and appropriately employed for the engineering or regeneration of tissue, an understanding of the mechanism is mandatory. Therefore, a simple strategy was utilised in this study that aimed to assess the cell response to compression and assess the importance of the cell cytoskeleton for the changes observed. The focus has remained on the influence of the cytoskeleton as the conduit of gel-derived stimuli due to the alteration in the physical environment of the cells rather than the chemical environment (e.g. by the addition of growth factors).
Confocal imaging clearly showed that gel compression does influence the cell's tensegrity, with cytoskeletal disruption differing in hydrated and compressed collagen such that cell survival, differentiation and mineralisation were promoted with a static compressive stress. The tensegrity model links the cytoskeleton to the extracellular matrix, through transmembrane receptors with changes in the extracellular milieu being relayed directly and automatically to the internal structure and vice versa (Janmey, 1998; Katz and Yamada, 1997) . Therefore, any stiffening of the external matrix is being reflected in real-time stiffening of the internal cytoskeleton. Both cell survival and osteogenic maturation have been linked to cytoskeletal pre-stress and the rigidity of the substrate, which are both properties modulated by the dense collagen environment (Mansell et al., 2009; Nieponice et al., 2007) . Conventionally, one would consider that dense collagen acts to enhance RhoA through flattening of the cell and the provision of a stiff environment, which in turn promotes osteogenic differentiation, as has been demonstrated by experiments on human MSCs (Chen et al., 2011; Hamamura et al., 2012) . Thus, one would expect tension within the fibres to be higher within a stiffer matrix, and with the concomitant increase in RhoA. This leads to the suggestion that there would be a greater effect with cytoskeletal fibre disruption of cells in compressed matrices compared to soft matrices (Chen et al., 2011) . In this study, it was found that the compressive process diminished the reliance of this pre-stress, as demonstrated by the survival of cells within compressed collagen following exposure to cytoskeletal inhibitors, and the dependency on Rho kinase of cell survival within the soft matrix. It is probable that in dense collagen the integrin-mediated signalling through FAK may be sufficient to maintain survival irrespective of the cytoskeletal response (Shih et al., 2011) . Nonetheless, it has been shown that the cytoskeleton is important for osteoblast differentiation with pre-stress being required early on, but not being so influential in the later stages (Wang et al., 2012) .
The contractile properties of cells at different stages of differentiation were also investigated in order to identify potential clinical applications. It was clear that bone marrow mesenchymal stem cells promoted the greatest contraction thus providing a relatively stiffer construct for use as a pseudo-periosteum allowing bone regeneration; there was also greater differentiation within the construct with time. The contractile nature of the membrane would allow predictable bridging of large defects protecting the formed haematoma and preventing healing by fibrous intention. Additionally, this study has shown that such a construct promotes cell survival, differentiation and mineralisation, therefore, further supporting bony repair of a defect. The histological investigations of cells within the compressed collagen (Fig. 3) have shown that the cells migrate to the borders of the collagen gel and could provide a source of cells in the area of the defect. Furthermore, the collagen membrane is angiogenic as shown by the attraction of blood vessels when grafted onto a chick chorioallantoic membrane (CAM).
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A dense collagen gel does not possess the ideal tensile properties for use in tendon regeneration or the compressive modulus for use in load-bearing areas of cartilage and bone repair scaffold. Nonetheless, a mesenchymal stem cellseeded dense collagen gel could serve as a substitute for the periosteum, being thin enough to do so and containing migrating progenitor cells. The contractile properties investigated in this paper would help the construct in its potential to be used as a secure barrier membrane in bone regeneration when seeded with osteoprogenitor cells, remaining stretched across a defect site. A cell-free collagen construct would relax and thereby collapse and fail to protect against any ingrowing soft tissue. As the cells start to differentiate, there is a degree of relaxation of the cytoskeleton with the resulting relaxation of the collagen, however, as at this stage the donor cells could be utilised in the repair process. In addition to the above-mentioned properties, biocompatibility and bioresorbability, the construct has been shown to be angiogenic, which is advantageous for bone repair (Kanczler and Oreffo, 2008) . Future work will assess the in vivo success in the regeneration of critical-sized defects.
